The shape change of sickled erythrocytes induced by electrical pulses was investigated under various experimental conditions using different suspending media. The purpose of this research is to find a set of conditions under which sickled erythrocytes from an individual with sickle cell anemia (SS erythrocytes) can be desickled with minimal damage to the membrane. Previously we observed, using 0.9%
led to hemolysis even when the field was turned off. Using short pulses, we have now observed that the rounding of sickled erythrocytes does not necessarily lead to hemolysis if buffer solutions such as Hanks' solution are used. The cause of the shape change is believed to be the perforation of the erythrocyte membrane by the potential induced by applied fields. The field-induced membrane potential has been calculated for spherical cells and infinitely long cylinders. Using an ellipsoid of revolution as a model, we generalize the calculation of membrane potential. These calculations indicate that a transverse field is less effective in inducing a potential than a longitudinal field.
There are numerous means to reverse the sickling of erythrocytes containing Hb S (SS erythrocytes) by using chemical agents (1, 2) . The most effective way to inhibit sickling or desickle already sickled erythrocytes is to increase water influx through the membrane and reduce the effective concentration of intracellular Hb S (3-6). The length of delay time prior to gelation of Hb S is inversely proportional to the 30th power of its concentration (7) . Thus, a slight decrease in the concentration of Hb S prolongs the delay time significantly and, thereby, delays or inhibits sickling.
In search of a noninvasive and nonchemical means to desickle SS erythrocytes, we found that pulsed radio-frequency (rf) electrical fields are effective in reversing the sickling process at moderate field intensities of 3-5 kV/cm (8) . The most likely mechanism of the observed shape change induced by rf fields may be due to the formation of pores in the membrane that are large enough to cause water influx and reduce intracellular hemoglobin concentration. Application of a field of 3 kV/cm, for example, to a spherical cell having a diameter of 4 Am would create a potential of 1.5-1.8 V across the membrane (9-11). These potentials are large enough to cause partial or local degradation of the erythrocyte membrane, leading to pore formation. Thus, the fieldinduced shape change of sickled SS erythrocytes is primarily due to the interaction of applied fields with the membrane rather than with intracellular Hb S gels.
The preliminary experiments (8) were performed with a fixed pulse duration (5 msec) and a pulse interval of 1 sec. Also 0.9% saline solution was used exclusively as the suspending medium. This paper reports an extension of the previous work by employing a variety of experimental conditions. Of particular importance is finding a set of conditions under which we can achieve desickling of SS erythrocytes with minimal damage to the membrane. Previously, we observed that the reversibility of field-induced shape change was poor. In other words, once sickled erythrocytes were transformed into spherocytes by electric fields, the process of shape change could not be arrested even by the removal of the electrical field. In general, under these conditions, the shape change led to hemolysis unless the field was turned off at an early stage of desickling. This observation indicates that the membrane damage produced by the field is not readily healed. It is therefore important to find optimal conditions for achieving reversible shape change of sickled SS erythrocytes. In the present work, the pulse was varied between 20 gsec and 10 msec. It was observed that the hemolysis after the shape change can be avoided by using short pulses. Also, the use of more physiological media such as Hanks' solution was found to enhance this tendency. Further refinement of the technique might achieve reversible desickling of SS erythrocytes.
EXPERIMENTAL PROCEDURE
The electronic system used for these experiments is shown in Fig. 1 Upper. Fig. 1 Lower illustrates microelectrodes, consisting of two platinum/iridium wires with a diameter of 50 gm. The distances between two electrodes are 0.3-0.5 mm. A small amount of blood from an individual with sickle cell anemia was diluted with either 0.9% NaCl solution or Hanks' solution. Small amounts of glucose oxidase solution and glucose were added to the blood suspension. The mixture was deoxygenated by bubbling pure nitrogen through it for 30-60 min until a color change was clearly visible. One drop of deoxygenated blood was placed between the electrodes and a cover glass was placed over it. The entire assembly was mounted on the microscope stage and the voltage of the applied field was gradually increased. Usually, the attenuator was used to increase the output voltage in small steps. Shape change was observed for 10-15 min at each step. The threshold is defined as the field intensity at which the onset of shape change becomes visible. Usually, a few of the most extensively sickled erythrocytes were singled out on the screen and their shape change was observed as field intensity was increased.
The pulse width was varied between 0.02 and 10 msec with a constant interval of 1 sec. In addition, the carrier frequency was varied from 10 kHz to 1 MHz. However, care was taken to select the lowest carrier frequency for each pulse width in such a way to have at least one complete cycle in the pulse. For example, the lowest frequency for a 0.02-msec pulse was 50 kHz. As mentioned before, the preliminary exAbbreviation: SS erythrocytes, erythrocytes of an individual homozygous for sickle-cell hemoglobin.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" periments were carried out with 0.9% NaCl solution as the suspending medium. In the present work, Hanks' solution as well as NaCl solution was used. In addition, the effect of a chelating agent such as EDTA was investigated. The pH of the suspending solution was 7.0-7.1 throughout this work and the temperature of ambient air was maintained at 35-40°C by using an incandescent lamp near the sample holder. Fig. 2 shows sickled SS erythrocytes before and after exposure to pulsed rf fields. Fig. 2A shows typical sickled SS erythrocytes and 2B illustrates the beginning of the rounding of these cells after the intensity of the applied field has reached the threshold. Fig. 2C shows SS erythrocytes after the shape change has progressed to near completion. These pictures were obtained during an experiment using a pulse width of 20 usec with an interval of 1 sec (duty cycle = 0.00002). In our preliminary experiments (8), a pulse width of 5 msec was used (0.9% NaCl as suspending medium). With long pulse widths, however, the shape change of erythrocytes often led to hemolysis. It was stated by Zimmermann (12, 13) that, in general, reversible shape changes of biological cells can be achieved more readily by using highamplitude short pulses than by using low-amplitude long pulses. We observed that the combination of short pulses and the use of Hanks' solution effectively prevented extensive hemolysis of the erythrocytes.
RESULTS AND DISCUSSION
Determination of Threshold Field, Es,. Having observed qualitatively that short pulses seem to induce the shape change of SS erythrocytes without serious damage to the membrane, we investigated quantitatively the dependence of Eth on pulse duration. Fig. 3 shows the threshold intensity with various pulse widths in experiments using 0.9o NaCl solution (curve 1) and Hanks' solution (curve 2) as the suspending media, As shown, the increase in threshold with decreasing pulse duration was very slow until the pulse duration reached a value of 0.1 msec, where the threshold showed a sudden increase. On the other hand, as the pulse width increases above 1 msec, the threshold seemed to approach a value of between 2 and 3 kV/cm asymptotically. This means that a further increase in pulse width will not cause a further decrease in the value of the threshold; in other words, Eth becomes nearly independent of pulse duration. Note that the Eth is higher in Hanks' solution than in NaCl solution, an indication that erythrocyte membrane is more stable in Hanks' solution.
In general, the threshold of shape change depends on the frequency of applied fields and an increase in the frequency causes an increase in threshold. The frequency dependence of Eth in Hanks' solution between 10 kHz and 1 MHz is shown in Fig. 4 for various pulse durations. The value of Eth gradually increases and reaches a plateau at about 300-500 in which R is the radius of the sphere, E is the field intensity, co is the angular frequency (2irf), and T is the time constant of membrane impedance. We calculated the threshold, using this equation, assuming R = 4 am and E = 4000 V/cm. T was assumed to be about 0.4 Asec. Obviously, the agreement between calculated and observed threshold values is not satisfactory, particularly at high frequencies. While the theory predicts that Eth continues to increase indefinitely with increasing frequencies, the observed values level off at high frequencies. This indicates the presence of more than one interaction mechanism.
An interesting observation is that erythrocytes are more stable mechanically in Hanks' solution than in NaCl solution. Thus, the field-induced shape change of SS erythrocytes does not necessarily lead to hemolysis in Hanks' solution. There may be a number of factors that affect the stability of biological membranes-i.e., temperature, pH, and surfactants. However, there are numerous observations which attest to the importance of divalent ions for the stability of biological membranes (15) . Thus, it was our interest to investigate the effect of divalent ions on the threshold of field-induced shape change by using chelating agents such as EDTA. For the subsequent measurements, EDTA was added to NaCl solution at various concentrations and the change in Eth was investigated. As shown in Fig. 5 (1985) duced potential across the membrane. For example, Kinosita and Tsong (9) estimated the potential induced by a field of 5 kV/cm across the erythrocyte membrane would be about 1.5 V. A potential of this magnitude is sufficient to break down the membrane of erythrocytes and causes the formation of pores.
Field-induced potentials for various shapes such as the sphere, spheroid, and cylinder have been calculated by various investigators (10, 14, 16) . For example, the field-induced potential 4 for spherical cells is given by Schwan (14) as AO = 1.5 RE [2] and that for a long cylinder with the field across it is given by where C1 is an unspecified coefficient. F1(O), F2('q), and F3(;) are given by the following expressions:
and F3(Q) = (Q + a2)½.
[6]
The potential inside the ellipse must be of the same form as Eq. 5 because the potential must be finite at the center. Namely, V1 = C3Fj(fF2(7)F3(0) [7] The potential outside, on the other hand, should be given by the following equation. AO+= 1.ORE.
[3]
Since neither normal nor sickled erythrocytes are spherical or infinitely long, the calculation of field-induced potential must be generalized by using more realistic models for sickled cells. In this paper, we will discuss two cases: (i) a prolate ellipsoid with a thin shell with the field along the major axis and (ii) the same ellipsoid with the field perpendicular to the major axis. The model used for the calculation of electrical potential is shown in Fig. 6 . The major and minor axes are a, b, and c (= b), and the thickness of the membrane is assumed to be 10 nm. The field is applied transversely as well as longitudinally. The potentials in the interior of the ellipsoid, in the membrane, and in the medium are designated by V1, V2, and V3. The electrical potentials can be calculated by solving the Laplace equation, V2V = 0, [4] using proper boundary conditions (17) . Since the boundary value problems for ellipsoids that are coated with a thin shell are very complex (16) , it is more expedient to use the simplified procedure as discussed below.
In ellipsoidal coordinates, the primary potential due to applied fields is given by the following equation: 
[9]
[10]
The potential G1(4 is regular at infinity. Finally, the potential in the shell consists of two terms, the one is of the form of F1F2F3 and the other, G1F2F3. V2 = Fl(OF2(0)F3(){C5 + C2 J + a2) [11] The complete solution of the boundary value problem for this model is very difficult to obtain and, at best, we end up with cumbersome expressions. However, solving the boundary value problem partially, we were able to obtain a simple equation for the potential at the outer surface: rf-induced membrane potential can be calculated as the difference between V1 and V2. The remaining problem is to calculate the value of V1 by using an approximate method. Namely, we calculate V1 separately, using the standard method (17) for a bare ellipsoid, ignoring the presence of the shell. This approximation would cause some error in the absolute value of internal potential. However, as pointed out later, the error produced by the approximation seems to be very small. Now the potential at the inner surface is given by the following equation: Using the method described above, we can calculate the membrane potential AV for ellipsoids having different axial ratios and in the presence of a field along the major axis. The results of these calculations are illustrated in Fig. 7 . The potential for the same prolate ellipsoid with a field across the major axis can also be calculated with slight modifications, and the results of these calculations are shown in the same figure. As shown, the membrane potential increases with increasing axial ratio when the field is parallel to the major axis. On the other hand, membrane potential decreases with increasing axial ratios as expected if the field is applied transversely. The curves merge as axial ratio approaches 1:1, as they should. These results are quite reasonable and in agreement with intuitive expectation. The magnitude of calculated membrane potential is of the order of 1-2 V with an input of 2 kV/cm. These curves interpolate to a value of 1.3 V at the axial ratio of 1:1-i.e., a sphere. If we calculate, using Eq. 2, the induced potential for a sphere with a radius of 4 ;Lm, a value of 1.2 V is obtained. Therefore, the membrane potential calculated with ellipsoidal coordinates is consistent with the potentials calculated with spherical coordinates. Therefore, in spite of the approximate nature of the calculation, the value of induced membrane potential we obtained theoretically seems quite reasonable.
